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Grain boundary bicrystal Josephson junctions of the electron-doped infinite-layer superconductor 
Sri_a:Lai,Cu02 {x = 0.15) were grown by pulsed laser deposition. BaTiOa -buffered 24° [001]-tilt 
symmetric SrTiOa bicrystals were used as substrates. We examined both Cooper pair (CP) and 
quasiparticle (QP) tunneling by electric transport measurements at temperatures down to 4.2 K. 
CP tunneling revealed an extraordinary high critical current density for electron-doped cuprates of 
jc > 10^ A/cm^ at 4.2 K. Thermally activated phase slippage was observed as dissipative mechanism 
close to the transition temperature. Out-of-plane magnetic fields H revealed a remarkably regular 
Fraunhofer-like jc{H) pattern as well as Fiske and flux flow resonances, both yielding a Swihart 
velocity of 3.1 • 10^ m/s. Furthermore, we examined the superconducting gap by means of QP 
tunneling spectroscopy. The gap was found to be V-shaped with an extrapolated zero temperature 
energy gap Ao ~ 2.4 meV. No zero bias conductance peak was observed. 

PACS numbers: 61.72.Mm, 74.25. Sv, 74.50.+r, 74.72. Ek 



I. INTRODUCTION 

Only two families of electron-doped high transi- 
tion temperature (high- Tc) euprate superconduetors are 
known, the T'-compounds^'^ and the infinite-layer (IL) 
compomids-^"^ yl^Lj.inJ,^^Cu02 (where A^^ is a divalent 
alkaline earth metal and LnF^ is a trivalent lanthanide). 
The IL eompounds exhibit the simplest crystal struc- 
ture among all cuprate superconductors and are there- 
fore predestined to examine the nature of high-T^ super- 
conductivity. However, as the fabrication of high-quality 
superconducting IL samples is challenging, these com- 
pounds have been less examined than any other cuprate 
superconductor. High pressure preparation is necessary 
to stabilize the superconducting IL phase, yielding poly- 
crystalline bulk material To obtain single crystalline 
samples, IL thin films were deposited epitaxially on single 
crystalline templates^"-'^-'^. After it had been shown that 
compressive strain hinders electron-doping of the CUO2 
planes, buffer layers were introduced^*', enhancing the Tc 
close to the maximum of 43 K^'^^. 

The importance of grain boundary Josephson junctions 
(GBJs) in the high-Tc cuprates has been demonstrated 
by various experiments (see e.g. reviews"'^^^^'^ and refer- 
ences therein). Chaudhari et al}^ realized the first single 
YBa2Cu307-5 (YBCO) GBJs. They showed that such 
GBJs act as weak links, which later on has been used 
e.g. for the realization of sensitive high-Tc SQUIDs^^. In 
particular, cuprate GBJs played a decisive role in experi- 
mental tests on the determination of the superconducting 
order parameter symmetry of the cuprates^^. For exam- 
ple, Alff et al}^ observed an increased conductance across 
various high-Tc GBJs at low voltage, a so-called zero bias 
conductance peak (ZBCP), which was explained by the 
formation of zero energy surface states (so-called Andreev 



bound states, ABS) due to d-wave pairing of the underly- 
ing material^^"^-'^. Tsuei et alP''^ revealed o?-wave pairing 
in YBCO with superconducting rings containing three 
GBJs. Schulz et al.^^ reahzed an all high-Tc O-tt-SQUID 
comprising two YBCO GBJs with phase shifts of and tt, 
respectively, to prove d-wave pairing in YBCO, and later 
on a similar experiment was done for the electron-doped 
T'-compound La2_2,Ce2;Cu04_^^^. And Lombardi et 
al."^^ found an oscillatory dependence of the critical cur- 
rent density jc on GBJ misorientation angle, as an indi- 
cation of c?-wave paring in YBCO. 



However, so far all experiments on IL cuprates have 
only been performed on bulk polycrystals or single crys- 
talline thin films, but no Josephson devices have been 
fabricated. Very recently, we reported on thin film pla- 
nar Sri_:rLaj;Cu02 (SLCO)/Au/Nb junctions^^, which 
showed quasiparticle (QP) tunneling, but no Cooper pair 
(CP) tunneling. In this work, we report on the fabrica- 
tion and characterization of SLGO bicrystal GBJs. We 
found high jc well below Tc, thermally activated phase 
slippage close to Tc, very regular Fraunhofer-like jc vs 
magnetic field H patterns as well as Fiske and flux flow 
resonances as remarkable features of CP tunneling. QP 
tunneling essentially revealed a well-defined, V-shaped 
gap but did not show any ZBCP. Such devices may give 
new insights into basic properties of the IL cuprates and 
allow for a comparison with the properties of GBJs based 
on other hole- and electron-doped cuprates. Moreover, 
the pairing symmetry of the IL cuprates is still an open 
question and phase-sensitive experiments based on SLCO 
GBJs could help finding the answer. 
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II. SAMPLE FABRICATION AND 
EXPERIMENTAL SETUP 

To fabricate SLCO GBJs, we deposited SLCO thin 
films on BaTiOa-buffered symmetric [001]-tilt SrTiOs 
bicrystals with misorientation angle = 24° by pulsed 
laser deposition, cf. Ref. [26]. Further details will be de- 
scribed elsewhere^''. Four chips, each with seven junc- 
tions, have been fabricated and characterized. All SLCO 
GBJs showed comparable properties, which verifies re- 
producibility of our data. For simplicity, data presented 
in this work stems from one chip. The SLCO films with 
thickness t ~ 25 nm are c-axis oriented, as confirmed by 
x-ray diffraction, i.e., current flow is restricted to the 
afo-plane. Each chip was patterned via standard pho- 
tolithography and argon ion milling to create junctions 
with widths w ranging between 10 and 1000 /im. Elec- 
tric transport measurements were performed in a 4-point 
configuration, with the sample mounted inside a noise 
filtered, magnetically and radio frequency shielded probe 
in a liquid helium dewar. 



III. ELECTRIC TRANSPORT PROPERTIES AT 
ZERO MAGNETIC FIELD 

Figure 1(a) shows bias current / vs voltage V charac- 
teristics (IVCs) of a 50 /im wide junction at various tem- 
peratures T and H=0. The IVCs are resistively and ca- 
pacitively shunted junction (RCSJ)-like and do not show 
a significant excess current. At low T there is a small hys- 
teresis [cf. inset of Fig. 1(a)], corresponding to a Stewart- 
McCumber parameter /3c = 27r/oi?^C/$o slightly above 
1. Here, Iq is the maximum Josephson current in the 
absence of thermal noise, and R„ and C are the normal 
resistance and capacitance of the junction, respectively; 
$0 is the magnetic flux quantum. By comparison of mea- 
sured IVCs with numerical RCSJ simulations including 
thermal noise, we determined (3c{T) and the noise pa- 
rameter (thermal energy divided by Josephson coupling 
energy) r(r) = 27rfcBr/(/o(T)<I>o); fcs is the Boltzmann 
constant. 

With the 4.2 K values = 3.5 and F ^ 0.01 and 
the measured i?„ = 10 fl, we find Iq = 17.6 /xA and 
C = 0.65 pF. The 4.2 K value for Jq corresponds to a 
critical current density « 1.4kA/cm^. This value 
is two orders of magnitude below jp values for corre- 
sponding [9 = 24°) YBCO GBJs28, but two orders of 
magnitude above jo of GBJs from electron-doped T'- 
compounds such as Nd2-2;Cea;Cu04_5 (NCCO)^^ and 
La2_2;Ce:cCu04_a (LCCO)^°, thus, probably the high- 
est reported jo value for electron-doped cuprate GBJs. 
The 4.2 K value for C corresponds to a capacitance per 
junction area C /A k, 50 /iF/cm^, which is by a factor of 
~ 20 larger than typical C/A values of YBCO GBJs^^'^i. 

With increasing T, jo decreases non-linearly as shown 
in Fig. 1(b). For 10K<T<19K, we find a power 
law behavior jo oc (1 - r/T^)" with a = 2.0 ± 0.1. 
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FIG. 1: (Color online) Electric transport characteristics at 
H = for 50 ij,m wide SLCO GBJ. (a) Current- voltage curves 
at different temperatures. Inset shows an expanded view. 
Curves for decreasing I are shown as dashed lines. The hor- 
izontal dotted lines indicate the values used for / in (c). (b) 
Critical current density jo vs T. Values (full symbols) were 
determined by RCSJ fits of the IVCs. The line is a parabolic 
fit of the data for T > 10 K. (c) Resistance vs temperature, 
measured with different bias currents. The curve shown for 
I — 30 jj. A ~ 2/c(4.2K) corresponds to the normal resistance 
R„ of the junction. Open symbols show the calculated resis- 
tance according to the Ambegaokar-Halperin (AH) model. 



Such quadratic behavior was explained by a reduc- 
tion of the order parameter A at the GB interface 
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due to the small coherence length ^ of the cuprate 
superconductors^^. For lower T, high-Tc GBJs usu- 
ally exhibit a linear jo{T) dependence Contrary to 
that, we observed a monotonous decrase in \djo/dT\ with 
decreasing T below ^ 9K. This resembles the behav- 
ior of an early YBCO GBJ, reported by Mannhart et 
al.^^ , in good agreement with the Ambegaokar-BaratofF 
relation'^^, which is valid for superconductor- insulator- 
superconductor (S/I/S) junctions. 

Figure 1(c) shows R{T) curves measured with different 
bias currents /. To access the normal resistance i?„ of the 
GBJ, in one case an overcritical current / = 30 /i A was 
applied. We found, that Rn increases from 7.1 to 10.1 51 
when T is lowered from 19 to 4.2 K, corresponding to an 
areal resistance p„ = i?„A = 0.09 - O.lSjuficm^. Thus, 
Pn is inbetween the values reported for YBCO GBJs 
(10-3 - 10-Vf^cm2)28.35 a,nd the values for GBJs from 
the T' compounds NCCO (1 - 10 nflcm^)'^^ and LCCO 
(30 - ISOfincm^) GBJs^". 

We further find /oi?„ - 0.18 mV at 4.2 K, which is 
comparable to values for NCCO GBJs^^, but 1-2 orders 
of magnitude smaller than the products (~ 1 — 8 mV) 
reported for LCCO GBJs^o or YBCO GBJs^^. We note 
that our values of IqRti and jo fall right onto the scal- 
ing line loRn oc l/Pn^ shown by Gross and Mayer'^^ for 
YBCO GBJs, which was suggested to be related to the 
oxygen stoichiometry at the barrier. Thus, we speculate 
that our small loRn product is a fingerprint of oxygen va- 
cancies at the barrier due to vacuum annealing^^'^'' of the 
as-deposited SLCO films, which would also be in line with 
the conclusions of Hilgcnkamp and Mannhart The 
intrinsically shunted junction (ISJ) model-'^*'^^ is based 
upon such barrier defects, which are supposed to form 
localized states. On the one hand, localized states sup- 
press A at the grain boundary interface. On the other 
hand, they enable resonant QP tunneling across the bar- 
rier. The former point is in accordance with our observed 
quadratic jo{T) behavior close to Tc and it further ex- 
plains the small loRn products. The latter one explains 
the small p„, because resonant tunneling is consistent 
with a highly transparent barrier. Finally, we want to 
remark, that our small loRn product is comparable to 
values reported for those T'-compound GBJs^^-'^'^ which 
did not exhibit a ZBCP. 

Wc next discuss the resistive transition, which is also 
shown in Fig. 1(c) as the R(T) curve measured with small 
bias current 1=1 pA. Upon decreasing T, we first find 
a sharp decrease in R, which we associate with the tran- 
sition of the SLCO film to the superconducting state, 
with Tc = 19.0 K and width of the resistive transition 
ATc w 0.5 K. We note that the observed value of Tc is 
only about half of the maximum Tc value reported for 
SLCO^'^^. This can be attributed to non-optimum dop- 
ing of our SLCO films {x = 0.15) and/or to strain ef- 
fects due to the lattice mismatch of the BaTiOs buffer 
layer and SLCO (obto = 3.997 A, all^^Q = 3.949 Af^'^"^. 
For T < Tc down to ~ 15 K, we observe a "foot struc- 
ture" in R{T). Such behavior has been observed e.g., in 



YBCO and NCCO GBJs before and was attributed to 
thermally activated phase slippage (TAPS)^^''^*, as de- 
scribed by Ambegaokar and Halperin (AH)^^. Within 
the AH model, a finite resistance due to TAPS is given 
by Rp{T) = Rn{T) ■ J^^[T-\T)]. Here, Jo[x] is the 
modified Bessel function of the first kind. We calcu- 
late Rp{T) using the quadratic jo{T) dependence close 
to Tc, cf. Fig. 1(b), and the measured i?„(T). Similar 
calculations for other SLCO GBJs with different widths 
also yielded very good agreement. Thus, we verified that 
TAPS is present in our samples and responsible for the 
finite slope of the I{V) curves {dl /dV\v=o oo) close 
to Tc [cf. Fig. 1(a)]. 



IV. ELECTRIC TRANSPORT PROPERTIES VS 
MAGNETIC FIELD 

Figure 2(a) shows IVCs of the 50 fim wide junction at 
different magnetic fields H and constant T = 4.2 K. H 
was applied perpendicular to the film plane. The modula- 
tion of the critical current density jc{H) (measured with 
a voltage criterion Vc = 5 /iV) is shown in Fig. 2(b) (lower 
curve). We observed a remarkably regular Fraunhofer- 
like pattern with oscillations visible throughout the en- 
tire scanned field range (±65 jiT) (here, we only show 
the pattern for |/io-ff| ^ 30 ^T for clarity). The oscil- 
lation period po^H for this junction is 1.6 ^T. In the 
thin film limit {\\/t 3> w; Xl is the London penetration 
depth), a perpendicular field is focused into the GBJ by 
the superconducting electrodes and the modulation pe- 
riod becomes^° Po^H = 1.84<l'o/w^, which is indepen- 
dent of Xl- By analyzing four junctions with different 
widths w on the same chip, we verified this dependence, 
as shown in the inset of Fig. 2(b). 

At \V\ w 65 and 130 ^V, resonant features appear in 
the IVCs (cf. arrows in Fig. 2(a), labeled as 1"* and 2""^). 
The amplitude of enhanced current (as compared to a 
linear IVC) shows an oscillatory dependence on H with 
the same period as jc{H). This is shown in Fig. 2(b), 
where we also plot the current densities ji = j(65/xV) 
and j2 = j'(130 /iV) at the 1^* and 2"'^ resonance, respec- 
tively. The first resonance has its minima when jc{H) 
and the second resonance are near their maxima [cf. ver- 
tical dotted line in Fig. 2(b)], characteristic for Fiske 
rcsonances^^ , i.e. standing electromagnetic waves in the 
junction. The Fiskc resonances appear at equidistant 
voltages Vn = ^QCsn/2w, where cs denotes the Swi- 
hart velocity^^ and n = 1,2,3.... From the measured 
Vn wc find Cs = 3.1 • lO^m/s, which is comparable to 
^BCO ^ lo^ni/s found for YBCO GBJs^i^^s^ p^j. ^-^^ 

10, 20, and 100 ^m wide junctions the 1'^' Fiske resonance 
appeared at Vi = 316, 167, and 31 pV, respectively, yield- 
ing cs = 3.1, 3.2, and 3.0 • lO^m/s. 

In Fig. 2(c), the current /„ = V/Rn has been sub- 
tracted from the bias current / to show the resonances 
in the IVCs (for various values of H) more clearly. For 
some field values, the positions of the Fiske resonances 



4 



0.02 
0.01 



^ 0.00 
c 

o -0.01 
-0.02 



(a) w = 50 |jm 
T = 4.2 K 



^„H = (0-1.82)mT ' 
step = 0.26 \iJ 





-0.1 0.0 0.1 
voltage (mV) 



0.2 

25 50 75 100 



E 
o 

5 



1.0 
0.8 



■E 0.4 



0.0 



■(b) 

4=j(130pV) _JJ 


\ 


, 1 width (|jm) 


■ j,=j(65MV) _j) 




1 — 1.840 Jw' 
\ . data 











-30 -20 -10 10 
magnetic field (pT) 



20 



30 




0.000 
0.0 



0.1 0.2 0.3 

voltage (mV) 



FIG. 2: (Color online) (a) Current-voltage curves of 50 fim 
wide SLCO GBJ for different values of H \\ c-axis (T = 4.2 K) . 
(b) Magnetic field dependence of the critical current density jc 
and the currents ji and j2 at the f and 2'"^ Fiske resonance, 
respectively. For comparison with jc{H), an ideal Fraunhofer 
patten is also shown. The inset shows the oscillation period 
fio^H of jc{H) vs width of four SLCO GBJs as full circles. 
The theoretical dependence'"' /loAi? = I.84$o/w^ is shown as 
solid line, (c) Current-voltage curves, with the normal current 
In — V/Rn subtracted from the bias current, for fj.oH — f.3 
-3.9 /iT. Vertical lines indicate Fiske resonances and arrows 
indicate the position of the flux flow resonance (FFR) max- 
imum (for f.3 and 3.9/iT). Inset shows the linear magnetic 
field dependence of the FFR maximum. 



are marked by vertical dashed lines. Besides Fiske res- 
onances, a resonance is visible with its maximum posi- 
tion Vm shifting (x H (cf. arrows and inset). The peak 
height of this resonance decreases monotonically with H, 
which is indicative of a Josephson flux-flow resonance 
(FFR)-*4 . The peak position of the FFR in thin film GBJs 
is given by^'^ Vm = cLb cs ^^qH F , where ds denotes the 
effective barrier thickness and F k, ^^/{wdB fioAH) ac- 
counts for flux focusing**^. The inset in Fig. 2(c) shows 
K^ vs noH. From the slope V^/ltoH = (84±2) V/T and 
fio^H = 1.6 ^T we extract cg = (3.2 ± 0.1) • lO^m/s, in 
agreement with the value determined from Fiske reso- 
nances. 



V. QUASIPARTICLE TUNNELING SPECTRA 

We now turn to quasiparticle tunneling spectra. Fig- 
ure 3(a) shows differential conductance curves, G{V) = 
dI/dV{V), of the 20 /um wide junction for voltages \V\ < 
15 mV. The curves were measured with lock- in tech- 
nique. Coherence peaks are clearly visible at voltages 
near ±5 mV. To show that G{V) indeed probes the den- 
sity of states (DOS) we have integrated the G{V) curves 
between — 15mV < V < 15 mV, cf. inset of Fig. 3(a). 
The maximum deviation from the value at 4.2 K is 1 %, 
i.e., within experimental accuracy, the total DOS is con- 
stant. At \V\ > lOmV G{V) increases linearly with V. 
Such a V-shaped background conductance Gn{V) has 
also been reported for T'-compound GBJs"'^'"'^ and is in- 
dicative of a normal state DOS increasing linearly with 
energy. To determine G'„(y, T) we use the expression 
G„(y,r) = e-'^JZ,N,,{E)[f{E-eV)-f{E)]dE, 
withNniE) (xa-\E\+ba.ndf{E) = [l + cxp{E/kBT)]-\ 
which is fitted to the measured G{V) curves (for \V\ > 
10 mV) for different values of T. The resuhing Gn{V,T) 
exhibit some rounding at low voltages, as illustrated in 
the left inset of Fig. 3(b) for T = 4.2 K. Figure 3(b) shows 
the normalized conductance G{V)/Gn{V) for tempera- 
tures between 4.2 K and 15.9 K. 

For a fully gapped superconductor the subgap con- 
ductivity is U-shaped while for an order parameter with 
nodes a V-shape is obtained^^. Thermal smearing'^® and 
lifetime limiting processes^^ are rounding the spectra but 
do not change the substantial shape of the subgap con- 
ductivity. Both Fig. 3(a) and (b) show that in the sub- 
gap regime the conductance is V-shaped. Moreover, the 
V-shape becomes more pronounced for decreasing tem- 
perature. These findings suggest that nodes are present 
in the superconducting order parameter. 

The normalized G{V)/Gn{V) curves revealed a slight 
increase of the coherence peak position Vcp with increas- 
ing T [cf. right inset in Fig. 3(b)]. Such behavior is usu- 
ally explained by thermal smearing, although, accord- 
ing to BCS theory, the increase of Vcp should be more 
pronounced^^. T'-compound GBJs, however, even re- 
vealed a decrease of Vcp with increasing 7^45,46 Fur- 



thermore, in GBJs Vcp(O) = 2Ao/e 
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FIG. 3: (Color online) (a) Differential conductance G{V) of 
20 fim wide SLCO GBJ for different values of T. The inset 
shows the integral of the G{V) curves vs T for — 15mV < 
V < 15 mV and the deviation from the integral at 4.2 K. (b) 
Normalized conductance G/G„{V) at various temperatures. 
Left inset shows the normal state conductance Gn{V) at 4.2 K 
used for normalization. The development of the coherence 
peak position Vcp with temperature is illustrated in the right 
inset. 

fit extrapolated to Vcp(O) = (4.8 ± 0.2) mV, yielding 
Aq ~ (2.4 ± 0.1) meV for the 20 wide junction. 
Other junctions with different widths revealed essen- 
tially the same value. We thus find a reduced gap ra- 
tio 2Ao/(fcBTc) = 3.0 ± 0.2, which is somewhat lower 
than the BCS value 3.5^°. We note that our data 
are in contrast to low temperature scanning tunnehng 
microscopy (STM) results reported for polycrystalline 
Sro.9Lao.iCu02 bulk samples^-'^ with Tc = 43 K, where 
the gap was determined to Aq = (13 ± 1) meV, yield- 
ing 2Ao/{kBTc) = 7.0 ± 0.5. However, our data are in 
line with results obtained on other T'-compound thin 
film GBJs, where 2Ao/ {ksTc) = 2.8-3.5^^'^^. Further- 
more, according to an empirical dependence of the re- 
duced gap ratio on Tc, a ratio of ~ 4 is expected for 
samples with Tc = 19 K (cf. Wei et al.^"^ and the litera- 
ture cited therein), which is also close to our data. 



The conductance spectra of our junctions did not 
show a zero bias conductance peak (ZBCP)^^'^^'^^. For 
Nd2-:,Ce^Cu04_5, the absence of a ZBCP in GBJ QP 
spectra has primarily been interpreted as evidence for s- 
wave pairing"'^*. However, subsequent experiments iden- 
tified Nd2-2;Cc3;Cu04_5 as d-wave superconductor^^ in- 
dicating that the ZBCP has been supprcsed, e.g. by 
strong disorder at the barrier, reducing the QP mean 
free path Zq to a value below the in-plane coherence 
length and therefore suppressing the constructive in- 
terference of electron- and hole-like QPs forming An- 
dreev bound states^^. We also refer to the work of Giu- 
bileo et al.^"^ who performed point contact spectroscopy 
on Pri_2;LaCe2;Cu04-y crystals. They showed, that de- 
pending on the barrier strength Z , different conductance 
regimes were accessible, the high-Z tunneling regime and 
the low-Z contact regime, where ZBCPs only occured in 
the latter one. Thus, from the absence of a ZBCP in our 
QP spectra, we cannot conclude s-wave pairing. 



VI. CONCLUSIONS 

In summary, we have fabricated high quality grain 
boundary Josephson junctions (GBJs) from the electron- 
doped infinite-layer superconductor Sri_j:Laj:Cu02 {x = 
0.15) deposited on 24° symmetric [001]-tih SrTiOa 
bicrystals. While in many respects these junctions are 
comparable to GBJs made of other cuprates there are 
also differences. For example, the Josephson critical cur- 
rent density of up to 1.4 • 10^ A/cm^ at 4.2 K is remark- 
ably high for electron doped cuprates. The magnetic field 
dependence of the critical current follows a nearly per- 
fect Fraunhofer pattern which is quite unusual for 24 ° 
cuprate grain boundary junctions. As for other cuprates, 
the quasiparticle spectra of our GBJs arc V-shaped in 
the subgap regime indicative of a superconducting order 
parameter with nodes. For a d-wave order parameter we 
would have expected zero bias conductance peaks which, 
however, were absent in our samples. It remains to be 
shown whether this is due to a suppression, e.g. by strong 
disorder at the barrier or due to an order parameter with- 
out sign change. 
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